Sunflower-and soybean-based biodiesels were synthesized by transterification. Stability to oxidation was determined using ASTMD 7545 method. Ionol BF 200 was and effective inhibitor for biodiesel oxidation. Antioxidant oxidation kinetics was of first order for soybean biodiesel. Oxidation kinetics was apparently of zero-order for sunflower biodiesel.
Introduction
Biofuel technology has become increasingly important to the relationship between the raising demand for new sources of energy and the growing attention of both government agencies and ecological non-governmental organizations. Biodiesel is less toxic than petrodiesel. It presents better degradability, higher flash points [1] , and superior lubricity qualities (approximately 66% higher) than the later one [2] . In addition, biodiesel has a greener nature and better ignition qualities [3] [4] [5] if compared to other fuels from other sources.
Biodiesel is obtained from renewable sources, such as vegetable oils and fats [5, 6] . It is usually obtained by transesterification reactions between a triglyceride and a short chain alcohol, in the presence of a catalyst. During the process, the long branched chains of triglycerides are converted to monoesters and glycerol [7] . Several vegetable oils can be used in biodiesel production. However, the availability of these raw materials strongly depends on climatic conditions, soil, and geographical location. Among the oils most commonly used in the production of biodiesels are canola, soybean, sunflower, and palm ones [8] [9] [10] . Currently, Brazil is using soybean oil as the primary raw material in the production of biodiesel, also relying in other potential sources, such as sunflower, cotton, palm, babassu, and peanut oils [8] .
Unfortunately, as reported by several researchers [11, 12] , this fuel has low stability when compared to fossil fuels. The reason for that resides in its chemical composition, rich in polyunsaturated fatty acid chains, which limit its long-term storage [13, 14] . According to Frankel [15] , the oxidation rate of these compounds are related not only to the number of double bonds in the carbonic chain, but also to the location of these bonds on the chain. In particular, bis-allylic sites are reactive to free radical formation and then direct reaction with oxygen to form peroxides, and these are crucial to understanding instability. Other researchers [16] affirm that factors such as light, high temperatures, humidity, and presence of metallic elements may reduce its stability, accelerating its degradation process. Research by Dinkov et al. [17] reports that this susceptibility to oxidation may also vary according to the raw material and the action of natural antioxidants already present after the final process of fuel preparation. The addition of antioxidants is used to overcome these problems: among these antioxidants, the most commonly used ones have been developed for petroleum-derived fuels, such as butylhydroxytoluene (BHT), butylhydroxyanisole (BHA), propyl gallate (PG), and pyrogallol (PA) [18] .
Numerous methodologies have been developed to study the phenomena related to thermal and oxidative degradation of biodiesels. Presently, the analytical method used to evaluate the oxidative stability of biodiesels is the Rancimat method (EN 14112, European Norm), which is largely accepted as an international standard [19] . This method was first designed to determine the stability of oils and fats [20] . Later, it was used as an index of oil stability [21] . Stability tests using ASTM D 6751 (American Society of Testing and Materials) method are analogous to this European norm [22] . As these techniques are relatively time-consuming, researchers have been looking for more efficient alternatives. Novel techniques include differential scanning calorimetry (DSC) and pressurized differential scanning calorimetry (PDSC) [23] . Recently, a method for accelerated oxidation using pure oxygen atmosphere, denominated PetroOXY (ASTMD 7545), has been used and linear relationship between the induction times obtained by this method and the ones obtained by the standard Rancimat method (EN 14112) was found [24, 25] . The advantage of this technique, when compared to traditional methods, is the need of smaller amounts of sample, and that it has a shorter time of analysis, resulting in faster results with higher reproducibility [24] .
In this work, the kinetics of oxidation of biodiesels made from soybean and sunflower oils containing the antioxidant Ionol BF 200 is monitored, using the ASTMD 7545 method of accelerated oxidation. A kinetic model for the oxidation is proposed from the resultant data.
Experimental

Materials and reagents
Soybean oil (Soya, Brazil), sunflower oil (Liza, Brazil) were used as received. Characteristic fatty acid compositions of these oils have already been reported in the literature and are listed in Table 1 [21, 26] . Methyl alcohol (Synth, 99.95%, Brazil), sodium hydroxide (Synth, 99%, Brazil), Ionol BF 200 (2,6-Di-tert-butylphenol > 50%; 1% phenol; 2-tert.butylphenol < 2%; 4-tert-butylphenol < 10%; 2,4-di-tert-butylphenol < 2%; 2,4,6-tri-tert-butylphenol < 20%; Degussa Sant Celone, Spain) was used as antioxidant.
Biodiesel synthesis
The reaction of transesterification has an oil/alcohol molar ratio of 1:3 and an oil/alcohol molar ratio of 1:6 was used to ensure that reaction went to completion. Sodium hydroxide was used as catalyst (0.6% of the mass of oil) and methanol, in excess, as the agent of transesterification. The reaction was carried out at 60°C, under continuous stirring for 60 min. At the end of the reaction, the product was transferred to a separation funnel and the upper phase, richer in ester, was collected. The purification of the ester phase was carried out by three washings with distilled water (10% of the mass of ester). The third washing was carried out with water at 90°C, in order to eliminate residual traces of catalyst, glycerin and soap formed during the reaction [27] . The purified product was treated with anhydrous sodium sulfate to eliminate any remaining humidity. Both biodiesels had their main parameters determined by different standards. The resultant values (as well as their required specifications) are displayed in Table 2 .
Oxidation stability analysis
The stability to oxidation of the fatty acid methyl esters was determined using the PetroOXY method (ASTM D7545). This fast method is proposed as an alternative to the ones described in the norms ASTM D2274 and EN 14112, which require longer times for analysis. In this analysis, 5 mL of sample were placed in a tightly-closed cell under pure oxygen atmosphere (oxygen content > 99.6%), under 700 kPa and at room temperature (25°C). As the pressure stabilized, the system temperature was increased to the required temperature and the analysis began at a time t = t 0 (which was also characterized as the time at which occurred a maximum in the system pressure). The end of the analysis was characterized by a decrease of 10% in the maximum pressure registered for the system at time t = t i , where t i represents induction time [24, 25] . The effective induction time was determined as Dt i = t i À t 0 . The process involved in the analysis can be more clearly visualized in Fig. 1 . The induction period was determined for antioxidant concentrations varying from 0 to 5000 ppm. All the experiments were carried out in triplicate. Fig. 2 shows pressure profiles for oxidative tests in three runs at 140°C for sunflower-and soybean-based biodiesels. The method presents good reproducibility, for both biodiesels. One can see that they presented low oxidation stabilities, certainly due to the absence of natural antioxidants (present in the unreacted oils), which may have been lost in the process of biodiesel synthesis/purification [28] . Table 3 shows the results for oxidative tests at the temperatures of 130°C, 135°C, 140°C, and 145°C, for sunflower and soybean biodiesels. It is evident that as temperature increases, the induction period decreases (e.g., it decreased ca. 35% (sunflower biodiesel) and 59% (soybean biodiesel) for an increase in temperature from 130°C to 145°C). The higher amount of unsaturated acids in the composition of sunflower oil [21, 26] will result in a lower stability of this oil towards oxidation, since double bonds are very reactive upon interaction with oxygen [29] . It can also be seen that the worst reproducibility of induction period is around 9.9%. This moderately high experimental error is compensated by the much shorter time of analysis, when compared to the Rancimat method. Fig. 3 depicts a plot of effective induction time, Dt i , as a function of inhibitor concentration, C 0 , at different temperatures. This figure shows that the antioxidant effectively worked even at the low concentrations used in this work (up to 1000 ppm), mainly at the lowest temperature (130°C). Xin et al. have also reported that, when used in concentrations below 1000 ppm the effect of antioxidant propyl gallate was remarkable for safflower oil biodiesel [30] . Chen and Luo verified the activity of different antioxidants with concen- trations ranging from 100 to 1000 ppm in FFA-biodiesel and found that these compounds positively impacted the induction periods in the resultant systems [31] . Dinkov et al. [17] reported a commercial antioxidant to be more effective at a concentration of 250 ppm. It can also be observed that an induction time of 30 min is obtained for soybean biodiesel with around 3700 ppm antioxidant, i.e. this biodiesel can be stabilized (in accordance with the requirements of EN 14214) with an oxidant content of 0.37%. Finally, it is clear that, in the case of the sunflower biodiesel, data suggested a linear dependence between Dt i and C 0 , in contrast with the results for the soybean-derived biodiesel, which had a non-linear character. In the next paragraphs, a kinetic model able to account for both behaviors will be developed.
Results and discussion
A kinetic description of inhibitor consumption
The chemical structure of biodiesels make them susceptible to thermal and oxidative degradation [17] . The process of oxidation of an organic compound is very complex, consisting of numerous steps [32, 33] . It usually starts with the step of self-oxidation (controlled by factors such as light and heat), going through the propagation step (a faster step, resulting in the formation of primary hydroperoxides) [34] , until the end of the process (formation of stable secondary products) [23, 35] . Simic and Javanovic pointed out that the main function of the antioxidant is to remove free radicals formed during the steps of initiation and propagation by donating hydrogen atoms, interrupting the chain reaction [36] . Some approximations, in order to make this complex situation manageable, have to be carried out. If oxidation is carried out in wide excess of oxygen, to maintain constant concentration, it is widely known that the consumption of antioxidant has a first-order kinetics in relation to the antioxidant [37] :
Eq. (1) must be integrated within the limits of C 0 + C 0,I (the initial concentration of added inhibitor, C 0 , plus the equivalent concentration of inhibiting species intrinsic to the biodiesel, C 0,I ) and C = C C , the critical concentration of antioxidant (the concentration at which it would not prevent biodiesel oxidation): Table 3. where Dt i = t i À t 0 is the effective induction time. Eq. (3) , upon rearrangement, becomes
Data from Eq. (4) fully describes the behavior of soybean biodiesel, as one can verify inspecting Fig. 3 (Eq. (4) was fit to data via nonlinear regression, using the software Origin 8.5). C C and C 0,I were independent of concentration and had the values of (3.9 ± 0.8) Á 10 3 ppm and (3.2 ± 0.7) Á 10 3 ppm, respectively, so that C C % C 0,I , indicating that native antioxidants are simply not effective at preventing oxidation or are present at such low levels that at the high oxygen partial pressure of this experiment they are consumed so rapidly that they have little effect on induction time. The dependence between k 1 and temperature will be subsequently discussed. Next, we show that a linear relationship between C 0 and Dt i is obtained as a result of mathematical approximations, if C C is reached at short times (which is consistent with a higher reactivity towards oxidation of sunflower oil). Let us re-write Eq. (3) to analyze this situation:
The right term of Eq. (5) can be expanded in the form of a McLaurin series and, assuming k 1 Dt i is very small, only the first two terms of the series were used:
After re-arranging, it results in
where k 0 = k 1 (C 0 + C I,0 ) and DC C = C 0,I À C C . Some authors point out that free radicals generated during initiation step may react with oxygen to form free radicals, peroxides and hydroperoxydes, result- ing in a process of zero order, which would also result in a linear relationship between C 0 and Dt i [38, 39] . Against this point of view is the fact that, in the case of soybean biodiesel, kinetics was clearly of first order. The value of DC C = C 0,I À C C was independent of temperature and was found to be (7 ± 4) Á 10 ppm: one can see that, again, C C % C 0,I . However, in order to fulfill the conditions needed for approximations involved in Eq. (7), for sunflower biodiesel C C C 0 þC 0;I ( 1, i.e., C C ( C 0 . It implies that, in the case of sunflower biodiesel, inhibitor has to be much more intensively consumed. It is consistent with a higher concentration of double bounds in the case of sunflower oil that tends to destabilize the system towards oxidation.
The relationship of specific velocities with temperature followed an Arrhenius-type dependence, as shown in Fig. 4 , in which natural logarithm of specific velocity is plotted as a function of reciprocal absolute temperature for both biodiesels. The Arrheniustype dependence of the velocity constant can be described as
where A 0 is a preexponential factor, DG A is the free energy of activation, ln k 0 ¼ ln A 0 þ DS A R , and DS A is the entropy of activation. The values of enthalpy of activation, sometimes referred to as apparent energy of activation [40] , obtained from fitting Eq. (8) to data from Fig. 4 , were (119 ± 2) kJ mol À1 and (128 ± 3) kJ mol À1 for sunflower and soybean biodiesels, respectively. The higher activation enthalpy for soybean biodiesel oxidation is in agreement with a higher stability of soybean biodiesel towards oxidation. Apparent activation energies of 85.68 and 97.02 kJ mol À1 have been reported for the consumption of propyl gallate and Ethanox 4560E, respectively [30, 31] . Most of organic compounds apparent energies of activation are in the range of 40-400 kJ mol À1 [41] .
Antioxidant activity may also be quantified using the stabilization factor, F S , defined as [42] [43] [44] 
where Dt i,0 is the induction time of the sample without antioxidant. Fig. 5 shows plots of stabilization factor as a function of concentration of antioxidant for sunflower and soybean biodiesels, at the temperatures used in this work. Data show that stabilization factors for sunflower biodiesel were three times higher than the ones for soybean biodiesel. In other words, although oxidation occurs more promptly in sunflower biodiesel, this very instability towards oxidation makes antioxidant action, in relative terms, to be more evident for this biodiesel.
Conclusions
A novel analysis of data from the ASTMD 7545 method of accelerated oxidation in pure oxygen and 700 kPa was developed and used to evaluate oxidative stability of samples of sunflower and soybean biodiesels with and without the presence of an antioxidant. A kinetic of first order in relation to oxidized species was found in the case of soybean biodiesel. Mathematical approximations bound to the occurrence of short of induction times resulted in an expression that apparently was of order zero, for sunflower biodiesel. The lower stability towards oxidation of sunflower biodiesel was confirmed by a slightly lower enthalpy of activation and by the behavior of the oxidation stability factor, confirming the important role of Ionol BF in the stabilization of these systems. The moderately higher relative experimental errors, resultant from the use of ASTMD 7545 method (when compared to the Rancimat one), were fairly compensated by a much shorter time of analysis.
